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IHTRODUCTIOK 
IShen a heavy nucleus captures a neutron and undergoes 
fission two heavy fragments are emitted with large kinetic 
energy. It is the purpose of this investigation to de-
termine the change in the kinetic energy of U fission 
fragmects along their path while teing stopped in various 
gasses. 
Since fission fragments are very heavy and energetic, 
they are initially stripped of some orbital electrons. As 
the fragments are slowed along their path, they gradually 
take on these electrons. This changing effective charge 
has an important effect on the rate of energy loss along 
the path of a fragment. In this respect, good range-energy 
data for fission fragments and their explanation are ex­
pected to give a deeper insight into the general energy 
loss process of atomic particles. Earlier investigations 
of the energy loss process have been based on the simpler 
problem of light particles such as alpha-particles and 
protons, which are completely ionized over most of their 
range. 
Moreover, the large mass of fission fragments makes 
possible a study of nuclear collision energy loss that is 
not feasible with light particles. The energy lost by 
nuclear collisions, as distinguished from energy lost by 
electronic collisions, becomes important as the fragment 
2 
acquires its final orbital electron. Because of their 
large mass, fission fragments at this point in ttieir range 
have kinetic energy which is not negligible compared to the 
initial kinetic energy. On the other hand, the energy lost 
by light particles in nuclear collisions is negligible. 
Although only limited velocity-range data on fission 
fragments were available at the time, the energy loss prob­
lem was treated theoretically by Knipp and others^ and by 
2 Bohr shortly after the discovery of fission. These calcu­
lations were based on an energy loss rate proportional to 
the square of the effective fission fragment charge, which 
was determined from the Thomas-Permi model of the atom. 
Further refinements in these calculations require ac­
curate and more complete experimental data. 
Experimental Methods 
Fission fragment energy measurements are much more 
difficult than measurements of the li^t particles, which 
have a constant effective charge over most of their range 
and a definite mass. These constants make possible precise 
^ J. K. Knipp and E. Teller, Phys. Rev. 59, 659 (1941); 
J. H. M. Brunings, J. K. Knipp and E. Teller,"Thys. Rev. 
60^, 657 (1941). 
^ H. Bohr, Phys. Rev. 58, 654 (1940); N. Bohr, Phys. 
Rev. 59, 270 (1941). 
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measurements of light particle energy by electrostatic or 
2iagnetic deflection. Since fission fragments have varying 
effective charge and have a wide distrilaation of mass, 
they are not conveniently measured by such means. 
The more accurate measurements of the fragment energy 
are based on a determination of the number of ion pairs 
formed in a stopping gas with the assumption that this 
number is proportional to the energy loss. Using a 
shallow ionization chamber, Lassen has measured the linear 
rate of ion pair formation in small range intervals along 
the path of fragments in various gasses. Since this 
ionization rate varies with different fragments, his data 
of the ionization ratfe over the total range are not of 
individual fragments, but of the average rates for the 
A 
heavy and light fragments. West used a shallow chamber 
and measured ionizations formed in various ranges, always 
including the origin of the track. His range-ionization 
data also are not of individual fragments. Demers^ used 
grain density measurements of tracks in photographic 
plates to give rather limited ionization rate data on 
individual fragments. 
3 S. 0. Lassen, Kgl. Danske Vid. Sels. Math.-Pys. 
Medd. jSo. 11 (1949). 
^ D. West, Can. J. Research, Sect. A 26, 115 (1948). 
® P. Demers, Phys. Rev. 70, 974 (1946). 
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TSie method of range-ionizatton measurement of interest 
in tMs investigation is electron collection from ionization 
chambers as used by Sherr and Peterson® to obtain data on 
eight fragments stopped in argon, This method involves 
the study of voltage waveforms from ionization chambers, 
within whicb the fragments are stopped. Data are given on 
individual fragments, but the errors due to ion recom­
bination, electron diffusion, and electronic effects 
have received little consideration. 
Plan of Investigation 
©le objects of this investigation are; (1) to study 
the energy-ionization relation necessary for a conversion 
of the experimental range-ionization data to range-energy 
information, (2) to obtain accurate range-ionization data 
of fission fragments in various gasses by the electron 
collection method, (3) to use the electron collection with 
each chamber of "back-to-back" ionization chambers in order 
to observe siimiltaneously the range-ionization of fission 
fragment pairs, and (4) to study the influence of ion re­
combination and electron diffusion on the ejq)erimental data, 
® R, Sherr and R, Peterson, Rev, Sci, Inst, 18, 
567, (1947), 
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Since adequate data on the distributions in fission 
fragment mass and total ionization have been published, 
the energy-ionization study to follow is confined to a 
mathematical treatment of these distributions. Efforts 
to improve the experimental range-ionization data are 
directed tovards raising the signal/noise ratio and 
improving the electronic method of differentiation. A 
coi!:5>arison of range-ionization data for fragments stopped 
in different pressures of gas is expected to reveal dis­
tortions in the data due to ion recombination. Although 
the electron collection method gives a rough measure of 
the electron diffusion, a more complete understanding of 
the diffusion effect on data is to be expected from a 
theoretical treatment. 
6 
ESERGY-IOKIZATIOii RELATION 
Ti 
Although an early calorisietrlc e^eriment aieasured the 
total fission energy, including kinetic energy and some 
radiation energy, the variations of fragment mass and ef­
fective charge have prevented direct measurement of the ex­
clusively kinetic energy. The numbers of ion pairs produced 
by stopping fragments have been measured, but these data 
are difficult to interpret in terms of energy; the data 
are generally reported with an energy conversion involving 
simply the energy/ionization ratio found for alpha-particles 
of known energy. The fragment mass distributions inferred 
8 9 from these ionization data ' are not the same as the mass 
10 
distributions obtained by direct measurement • In this 
section a general method of coiiQ>aring ionization and mass 
distributions is given, from which may be evaluated the 
two principal sources of the discrepancy. These are (a) 
the energy dispersion and (b) the lack of precise pro­
portionality between the measured ionization and the 
7 M. C. Henderson, Phys. Rev. 58, 774 (1940). 
® D. C. Brunton and W. B. Thompson, Phys. Rev. 76. 
848 (1949). 
^ M. Deutsch and M. Ramsey, ]1Q>DC 945 (1946). 
Plutonium Project, Rev. Mod. Phys. 18, 513 (1946); 
S. P. Steinberg, J. A. Seiler, A. Goldstein aad A. Dudley, 
MDDC 1632 (1947). 
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Ionization energy (i.e. the energy required hy a fission 
fragment of a particular mass to produce the measured 
ionization}. 
The energy dispersion (a) is the distribution of the 
energy deviations between the initial energy (i.e. the 
fragment kinetic energy before neutron emission) and the 
ionization energy. The deviations are a combination of 
instrumental errors of ionization measurement and of the 
recoil energy of the fragments due to prompt neutron 
emission. The distribution in initial energy, obtained 
from the mass distribution and the momentum condition, is 
distorted into the ionization energy distritution by the 
energy dispersion. The relative variation (b) in the frag­
ment energy/ionization ratio, assumed to be the principal 
remaining cause for the difference between the mass and 
ionization distributions, is determined by a comparison of 
the distributions in ionization energy and measured 
ionization. 
It is noted that the addition of the energy dispersions 
for the fragments of binary fission pairs is a not negligible 
contribution to the observed distribution^^ in the total 
ionization of pairs. 
D. C. Erunton, Phys. Rev. 76^ 1798 (1949). 
8 
Procedure 
Using L and H to indicate the light and heavy fragment 
we designate: 
El» Eg -initial kinetic energies 
=• measured ionizations (including effects of 
instrumental errors and recoil energy) 
ionization energies; 
and for fragment pairs. 
Ej 
H 
R-
W I V 
where Wj^ and Wg are the true energy/ioniaation ratios 
varying with, fragment mass, 
©le distortion of ttae initial energy distribution into 
the ionization energy distribution by the energy dispersion 
can be expressed in these parameters. The distribution P 
of the total ionization energy W and ionization energy ratio 
R is related to the distribution of the total initial 
energy E and initial energy ratio Rg by the dispersion 
9 
function D in the equation 
P(R,W) ^ 7<IE J'DRGD(Rg,E;R-Rg,W-E)Pg(Rg,E), (1) 
where all functions are normalized to unity. 
!Ilhe distribution Pg is obtained from a fragment mass 
distribution by the momentum relation m^E^^ - m^E^, which 
is the equation for binary fission before neutron emission. 
It is known that a compound nucleus generally divides into 
two unequal^^ fragments and from the moving^ fragments 
13 
an average total of from one to three neutrons are 
promptly emitted, A good determination of the — dis-
235 tribution for TJ slow neutron fission can be obtained 
by adding the mass of half of the neutrons to each of the 
complementary masses of the distribution of the final 
masses (masses after neutron emission) and forming the 
distribution of the ratio. Since the neutrons come from 
14 
opposite fragments twice as frequently as from the same 
and since the mass of these neutrons is much less than the 
fragment mass, the earror involved in this neutron mass 
assignment is small, ^The distribution in ^  is then the 
R, R, Wilson, Phys. Rev. 72, 189 (1947). 
IS E. D. Saythe. Atomic Energy for Military Purposes 
(Princeton University Press, Princeton, 1945). 
S. DeBenedetti, J, E. Francis, Jr., W. M. Preston, 
and T, W, Bonner, Phys. Rev. 74. 1645 (1948). 
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desired distribution PgCRg), but without associated energy-
data the E dependence of Pg cannot be determined. This 
Pg(Rg) distribution is shown in Pig, 1. 
With these limited data £qn. <1} is reduced to 
P(R) =/dRg Dj. (RE,BJR-Re)PE(RE), (2) 
where 
ao 
Pe<^^E) PE(RE'E) 
P(R) = / dW P(R,W) 
O 
DP(RE,E5R-RE) =J dw D(RE,5;R-RE.W-E), 
and E is some suitably chosen average value of the total 
kinetic energy. Various reasonable methods of averaging 
E are found to change Dj. only slightly, thus the distri­
bution P(R) is quite insensitive to the averaging, is 
the ratio dispersion function, which is determined later. 
Although the ionization data are available as a 
distritaition Pj(Rj,I), the limitation to P(R) allows its 
con^arison with only Pj(Rj), where 
Pl(Rl) Pj(Rj,I). 
The distribution PjCRj) found by two experiments^^'on 
235 
U slow neutron fission is shown in Pig. 1. This 
limitation allows a determination of the variations of 
WT 
the ratio but not of absolute magnitudes. For the 
normalized distribitions Pj(Rj)dRj — P{R)dR, from tftiich 
15 D. C. Epunton and G, C. Hanna, Can, J. Research, 
Sect. A. 28, 190 (1950), 
11 
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Pig. 1. Kormalized ratio distributions of 
fission fragments. 
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is obtained 
(3) 
a function of Rj, 
Actually, the distribution Pg(Rg) is first changed 
by the dispersions due to recoil and soae instrumental 
errors. Uie other instrumental errors have the effect of 
changing the true ?j(Rj) distribution into the observed 
distribution# However, a combined dispersion Dp acting on 
P-g{Rg) gives essentially the saae results. Limited ex­
perimental data on these dispersions are available fl»om 
which the combined dispersion Dj, can be estimated, j5n 
alternative determination of Dp is afforded by an analysis 
of PjCRi) and P{R) in the region of syametrical fission, 
X6 It is to be expected that w be a slowly varying function 
WT 
of the fission asymmetry such that |p as a function of RT 
approaches unity linearly as Rj approaches unity. The 
dispersion is detennined analytically by finding a IDp 
giving the proper P{R) by means of Eqn, (2), The proper 
P(R) is related to the e3q)erimental Pj(]^)by Eqn, (3) with 
the linearity requirement that <* be nearly constant and 
 ^= 1 + « (Bj-l) 
5. So 
No, 8 (1948), 
H, B hr, Kgl, Danske Vid, Sels, Math,-Pys, Medd, 18, 
13 
The effect of three different dispersion functions to 
be discussed later is illustrated in the region of sjm-
metrical fission by Pig. 2. The use of a relatively 
narrow dispersion function gives the P{R) distribution 
labeled Ar =0.10; it can fit the ejcperiinental Pi{Ri) 
data only when a f luctuating value of o( is used. Indeed, o( 
must be positive at ratios below 1.2 and negative at 
greater ratios. A broader dispersion function gives the 
P(R) distribution labeled at - 0.18; it requires a negative 
(X of large value near unity ratio but of small value at 
ratios greater ttian 1.1. A dispersion function of inter­
mediate width gives the P(R) distribution labeled ^ r = 0.14 
it gives a reasonably good fit when the value a =-0.10 is 
used. Aside from the disagreement at 1.025, i^ich is due 
either to inadequate data or to the use of a dispersion 
function that is too large for large values of Rg-R, this 
last dispersion function is thus seen to be a reasonable 
representation of the true dispersion function Dp for 
ratios not greatly different from unity. As the ratios 
increase the variation in oc becomes ia5>ortant. The 
integral relation 
Rj R 
J dRjPj(Rj)^ I dR P(R) (4) 
1 1 
is in general more convenient than Eqn. (3) for evaluating 
Wt 
y. Eqn. (4) relates R and R^. for the same fission event. 
14 
160 
0.25 
I Pi{Ri) Brunton & Hanna 
X Plutonium Project 
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Fig, 2. Comparison of P(R) distributions obtained 
from trial Dp dispersions. 
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WT 
Since ^  is the quotient of R and Rj, its dependence on Rj 
can be found if £qn« (4) is satisfied. 
Application 
Ivot only should the shape and width of the dispersion 
function Dp be considered, but also its % dependence* 
In practice it is not feasible to determine all by the 
analytical method. Instead, experimental dispersion 
data £u:'e used to assign an approxi:iiate shape and limits 
of Rg dependence, and then the width is determined by the 
analytical method. This width determination seeas Tnore 
accurate than a width assigned from present experimental 
dispersion data alone. 
Ezperiaental data on instrumental errors and recoil 
are in the form of energy dispersions for each fragment. 
Prom these the required ratio dispersion can be found. 
We define the deviations as: 
e = W-E 
r = R-Rg . 
Pig. 5 illustrates the disperison functions such as migjit 
arise from variations in the energy deviations ej^  and e^ . 
16 
Ui 
UJ 
u. 
HEAVY FRAGMENT ENERGY 
Pig. 3, Energies of a fission fragment pair. 
The addition of energy deviations to initial energies 
giving ionization energies is illustrated. 
17 
The transforaiation 
CO 
-E 
provides the ratio dispersion from the normalized energy 
dispersion functions and Dg, where J is the Jacobian 
"e,r ^  '• ®^® total energy dispersion is aimilarily 
found by 
ao 
Dy(Rg,E;e) = dr )j(Dj^{Rg,E5ejj)Dg(R2,E;eg). (5) 
-Re 
It contributes a part of the observed distribution in the 
total ionization I. 
5fementu3i considerations and the data on neutrons 
emitted by fragments give information on the neutron re­
coil contribution to the dispersion. In the extreme cases 
of forwsird and backward neutron emission, the fragment 
recoil energies in the laboratory system are approximately 
for the light fragment end 
for the heavy fragment, where E^ and m^^ are the neutron 
energy and mass, respectively. The average values 
^ = 2 Mev and E ^ 161.1 Mev give these recoil energies 
as i 2,4 Mev and ±2.4 jf l/Sg M«v, respectively. 
17 However, some emitted neutrons have been observed with 
energies up to 10 Mev in the laboratory system. Since a 
17 W. Bothe and W. Gentner, Zeits. f, Physik 119, 
568 (1942). 
18 
neutron with only the velocity of a fragment has an energy 
of around 0,7 Mev, it appears that the recoil energy dis­
persion trails off to energies large compared to its average 
energy. The symmetry of this dispersion function is deter­
mined by the angular dependence on the number and energy of 
the fission neutrons* For simplicity, the theory of iso­
tropic emission of neutrons from the moving fragments is 
assumed, giving an essentially symmetric dispersion. 
18 Although Peierls has shown an anomaly arising from the 
isotropic emission theory, two experiments on fission 
T_2 1 ii 
neutrons * have yielded results consistent with it. 
The techniques used in the "back-to-back" double 
ionization chamber measurements give rise to appreciable 
instrumental errors. The larger of the reported in­
strumental deviations and their dispersion widths reported 
1Q for the two e^eriments considered'^'^ are included in Table I. 
18 
R. Peierls, British Declassified Document E-103. 
19 225 Two other double ionization chamber measurements on 
U slow neutron fission have similar results but are not 
included. W. Jentschke (Zeits. f. Physik 120. 165 (1943)) 
had poorer statistics. A. Flaomiersfeld, P. Jensen, and 
W. Gentner (Zeits. f. Physik 120, 450 (1943)) used nitrogen 
as the ionization chamber gas. 
19 
Table !• Double Ionization Chamber Fission Data. 
Brunton Deutsch 
& Hazma & Ramsey 
Number of Fissions 1.2(10 ) 1.7(10 ) 
Ionization Chamber Gas A plus COg A plus 2% CX)„ 
Bombardment "Noise" 
in Chamber 0.45 Mev 1.5 Mev 
Energy Loss in IT Foil 0.75 Mev 
Energy Loss in Collimator 1.25 Mev ——.— 
Breadth of Channel 
Analyzer 5 Mev (Recorded by 
film) 
Drift of Amplifier & 
Oscilloscope Sensitivity — <2.2 Mev 
The combined instrumental dispersion function is not known, 
but because of the nature of the deviations the function is 
probably symmetric. 
Since the deviations are much smaller than the fragment 
energies of around 80 Mev, it is sufficiently accurate to 
use the expanded form r = which gives a linear % 
transformation. It is also allowable to use infinite limits 
of integration so that Eqns. (5) and (6) reduce to 
Dr'v//de Dj, Dg (7) 
IXp'^ /clr Dj, %. (8) 
In order to make a trial calculation, the combined disper­
sions in energy, and Dg, are assumed to be the Gaussian 
20 
functions 
where and ^eg are the full widths of the dispersions 
at half maxlmam. 
The % dependence of >dej^(Rg,E) and ^eg(Rg,E) is un­
certain, but the extremes of dependence are found by assuming 
the recoil dispersion negligable or the instrumental dis­
persion negligafcle. For the first case *• .^©g ®g> 
where 4eg is the symmetrical fission dispersion width; for 
the second case, on the assumption that E,;^ is independent 
of Rg, we have 
Substitution of the assumed Gaussian energy dispersions with 
these widths in Eqn, (7) gives a Gaussian ratio dispersion 
Dp whose width, for the first case, is 
(9) 
E 
21 
and, for the second case, is 
A r s  §  S - L - S — i —  ^  ( 1 0  
i 
In the graphical analysis to be performed, hoTsever, these 
extremes give results that differ insignificantly, so the 
uncertainty in Rg dependence is iinimportant. 
The nature of the E dependence of Dp is shovm "by 
Eqns. (9) and (10). The small variation of an average E 
9 15 
with fission asyametry is seen * from Fj(Ri,I) ty using 
an approximate value of The width of the distribution 
in E about average E is roughly only 13 percent of average 
E, Thus, this average E should be near the E required by 
Eqn. (2). 
Since neither Pj,(Rg) nor ^^(Ri) have simple mathemati­
cal representations, P(R) is found by approximating Pg(Rg) 
by a step function and dispersing the amplitude of each 
step to other steps. Three such P(R) distributions ob­
tained from Gaussian ratio dispersions of symmetric fission 
^r widths 0.10, 0.14, and 0.18 are illustrated in the 
region of symmetrical fission by Pig. 2. The most suitable 
width of 0.14 when varied within the limits of Eqns. (9) 
and (10) gives the P(R) distribution shown in Pig. 1. 
The ^  variation is found by solving Eqn. (4) by 
graphically integrating the distributions in Fig. 1. 
22 
Since Ar is small the integral relation (4) can be 
extended to 
J dRE PE(RE)=J dEj Pj(Rj)=| dR P(R), 
1 1 1  
and a value of Integrated abundance in Pig. 4 represents 
approximately the same fission event for the three ratios, 
WT 
The approximate dependence on Rg or Rj shown in Pig, 5 
is obtained by comparing R with Rj, In view of the rather 
arbitrary selection of dispersion function, the results 
are to be considered as only an estimate. iShen substituted 
in Eon. (3), the ^  variation of Pig. 5 and the P(R) dis-
tribution in Fig. 1 give a Pj(Rj). This serves as a check 
on the accuracy of the dispersing and integrating calcu­
lations. 
Results 
16 According to Bohr the energy lost through nuclear 
collisions in stopping fission fragments is sg)preciable 
at low velocities in con^arison with electronic collision 
energy loss. In order to compare the results in Pig. 5 
to this theory we assume that the parts Ej^ and of 
nuclear collision energy losses not producing ionization 
1.0 
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Pig. 4. Integration curves of ratio distributions. 
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Fig. 5. The approximate dependence of upon fission asymmetry. 
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are related by 
4  
m 
H H 
where the velocities and Vg are the critical velocities 
at which the nuclear collision and electronic collision 
energy loss rates are equal. Using the velocity expression 
4/3 -11/3 
20 given by Knipp we have 
II - pL 
where Z is the nuclear charge. 
If the rest of the energy is lost with the energy/ 
ionization ratio w^, then the ionization energies are 
Vl = Vi,+^ 
from which it follows that 
 ^* ^ I>^ e 
l"*" I w 
H*e . (11) 
20 
J. K. Knipp, Bull. Am. Phys. Soc. 25, 6 (1950). 
26 
Conqparison of Pig. 5 and Eqn. (11) gives 3.4 Mev for ^  and 
1.9 Mev for for tlie most probable fission ratio. On this 
basis, about 5.3 Mev is not observed as ionization and 
15 
should be added to reported energy value of 155.8 Mev 
to give an average total kinetic energy value of 161.1 Mev, 
This is in good agreement with the estimate given by 
Henderson of 165 ^ 8 Mev. 
Evaluation of the dispersion width found analytically 
gives = 8.1 Mev, a value confirmed by the instrumental 
error and recoil data. The total energy dispersion width 
as found from Eqn. (8) is a sizeable part of the observed^^ 
distribution in I for fission of greatest asysaetry, but 
a very small part for nearly sjnmetrical fission as seen 
in Table II. Although not fully understood the rest of the 
Table II. Comparison of Dispersion and I Distribution. 
Width of I Distribation in Mev ide in Mev. 
1.2 30 11.5 
1.5 18 11.8 
2.0 15 12.5 
distribution width in I is probably to be attributed to 
variations in the JT-, and neutrino-radiation energies 
and to variations in fragment nuclear charge. 
27 
Tiie method of analysis presented here is limited in 
usefulness primarily "by scant data on the dispersion 
function. The distribution Pj(Rj) has been confirmed by 
several e^^eriioents and has good statistics. Since most 
of the points on the Plutoniua Project fission mass 
21 yield curve have a precision of about five percent, 
such errors would accoiint for only a small part of the 
difference between Pg{Rg) and Pj(Rj). 
It should be noted that a variation in the number of 
neutrons per fragment results in a PgCRg) distribution 
IQTT 
different from the distribution in The effect of such 
Xi 
XJltr 
a variation is to disperse PgtRg) Into the distribution 
in much the same manner that the energy dispersion 
disperses Pj.(Rg) into P(H). The magnitude of this neutron 
number dispersion is much sxaallerj for example, a dis­
tribution width of 1/2 in the number of neutrons per 
fragment leads to a ratio dispersion width of about 0.01, 
which is much smaller than the ratio dispersion arising 
from energy deviations. Any correction for this neutron 
number variation would be to narrow the distribution PE(Rg) 
and its principal effect would be an insignificant broadning 
of Dp. 
21 
M. S« Freedman and S. P. Steinberg, CC 3420. 
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22 
Corson and Wilson have derived the voltage equation 
for electron collection between parallel plates of separa­
tion They found the electren collection voltage at 
tiae t after the ionizing event can be e35)ressed by 
t -^ -vt 
° io / f 
O O 
where C is the capacity of the collector electrode to 
ground, v is the constant drift velocity of electrons, and 
the charge density (r(x)dx is the number of electrons formed 
between the perpendicular distances x and x-f-dx. Since the 
fragment tracks are straight and originate at the negative 
electrode, a range measurement r along a track is linearly 
related to the perpendicular distance x by r cos^  - JC-x, 
where & is the angle between x and r. 
The experimental arrangement is schematically shown in 
Pig. 6. Details of the equipment are discussed in this 
section. The purpose of the differentiating circuit is to 
provide a waveform of the time variation of dv^/dt for 
oscilloscope presentation. Such a waveforsi is interpreted 
as range-ionization data as shown in the Pig. 7 sketch. 
The residual ionization multiplied by w gives the fragment 
22 D. R. Corson and R. R. Wilson, Rev. Sci. Inst. 19, 
207 (1948). — 
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kinetic energy minus the unobserved energy to be lost in 
nuclear collisions* In this manner the equipment to be 
described provides range-ionization data, from which can 
be obtained range-energy information. 
Ionization Chamber 
The ionization chamber shown in Fig. 8 was a 7-in« 
long, 6 5/4-in. I. D. brass tube, to which was silver 
soldered an end plate containing a compound pressure gauge* 
The base plate was grooved to match the brass tube* Pour 
machine bolts between the two end plates and a Teflon gasket 
in the groove were used to make the chamber gas ti^t* 
A gas purifier was installed to reoiove oxygen gas from 
the chamber* Oxygen forms heavy negative ions of low 
-mobility, the formation of which would cause deviations from 
the desired as ejqpressed by Bqn* (12}* Attached to the 
chamber by l/4-'in* tubular Kovar glass-to-metal seals, the 
purifier circulates the gas by convection through copper 
filings maintained, at 4CX)°C by an electrical heater* 
Calcium metal at 250^C was used for purification of argon 
during some readings. A container of anhydrone (magnesium 
perc3kilorate) similarly attached to the chamber rezaoved 
water vapor, which, also forms negative ions* The chamber 
was evacuated by a Cenco Eyvac pua^) to 10-50 /tHg as read 
on a McLeod gauge and filled with gas from standard tanks 
32 
Fig. 8. Exterior of the ionization chamber showing 
the gas purifier on the right and electrical connections 
at the bottom. 
Pig. 9. Interior of the 
single ionization chamber 
showing neutron source holder 
on the upper electrode. 
Pig. 10. Interior of 
double ionization chamber. 
The screen support for the 
source is in the center. 
33 
to pressures as Indicated by the chamber gauge* !I!he chamber 
was closed off by a stopcock during readings. 
Figs. 9 and 10 show the electrodes and their mounting 
on the base plate for the single and doable chambers, re­
spectively. Except for the high voltage electrode of the 
double chamber experiment, the electrodes were 1/8-in. brass 
plates 5 3/4 in. in diameter supported by 1/2-in. diameter 
ceramic insulators. Electrical connections into the chamber 
were by insulated Kovar terminals. Inside the chamber, wires 
requiring insulation were enclosed in glass tubes. The only 
circuit coB?>onents placed inside the chamber were vacuum 
tubes and glass enclosed resistors. This type of construc­
tion in the interior of the chamber minimized the use of 
organic materials which emit contaminating gasses. 
The negative voltage source for the high voltage 
electrode was a battery supply in a shielded box con­
nected by a shielded cable to the chamber. A simple re­
sistance and capacity filter was used at the batteries to 
reduce high frequency pick-up. 
The thin film of uranium used in the single chamber 
experiments was made by a dipping me'Usod. The high voltage 
electTOde plate was ground to a plane surface by successively 
finer abrasives and then given a mirror finish on a rouge 
wheel. The finished surface was given four dips in a 
uranium nitrate-Zapon solution containing 45 g of Zapon 
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and 507 g of Zapon tMnner in wMcli had iDeen dissolved 
12 g of oranium nitrate (natural uranium), The plate was 
placed in a vertical plane to drain in a different di­
rection after each dip and then allowed to dry. The plate 
was washed with Zapon thinner and alcohol so as to leave 
a central 2-in, diameter filmed area. By heating the plate 
for atout one hour at 460°C the organic material was driven 
off and the uranium nitrate was changed to UgOg, As 
determined "by alpha activity, the uranium content of the 
film was 76 yug/cm , 
A Po-Be source having an activity of atout 5(10"^) 
neutrons per second daring the readings was placed inside 
the chamber on the upper side of the high voltage electrode 
plate. Even with this rather thick film and favorable 
geometry the fission rate was only eight per hour. 
Electronic Equipment 
An important factor in the quality of the data is the 
signal/noise ratio obtained for the fission fragment 
dV^dt signal. For a given number of ion pairs and col­
lection time, V(. in Eqn, (12) is increased only by re­
ducing C, In order to minimize the capacitive loading on 
the collecting electrode, a cathode follower employing a 
955 tube was used inside the chamber. The 104-megohm 
35 
Victoreen resistances R was inside the chamber, but the 
2.2K cathode resistance and the filter for the 100-volt 
plate supply were outside the chamber in the terminal 
shield. The fila^jent was battery heated, nihe value of C 
was 17 with the cathode follower in use, whereas C 
was 37 y^f when the collecting electrode was instead con­
nected throu^ standard connectors to the input of tiie 
preaiaplifier. 
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As is pointed out by Corson and Wilson, noise is 
principally due to Johnson effect from the input resistor 
and to shot effect in the first tubes. The mean square 
voltage due to the Johnson effect in a resistor R across 
a capacity is 
2^ siTT |'2Tr'RC{f2"'fl) 
^ ^ ^2 2 2 1 , (13) 
[ l + 4 f f ' R C  f i f g j  
where K is Boltzmann's constant, T is temperature, and f^^ 
and fg are the lower and upper cut-off frequencies of the 
an5)lifier. Since the practical lower liasit of the product 
RC is determined by the pulse length, Vj is minimized by 
the use of large values for R. With the choice of R 5^ 104 
megohms tiie RC decay time was small compared with the time 
between alpha- or fission fragment ionizations in the chamber 
so there was negligable time overlap of signals. IXie to tiie 
low output impedance of the cathode follower, Johnson noise 
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from the input resistance of the preaaplifier was negligable. 
The shot effect noise, usually of the order of 10 microvolts 
r.2i«s«, was increased by about by the use of the cathode 
follower. Shielded cables and chassis were used, but 
largely because of pick-up the total noise was about 40 
saicrovolts r.ia.s. 
In order that the amplification be true, the electron 
collection time of the chamber must be large compared with 
the response time of the amplifier. In particular, it must 
be large compared with the response time of the waveform 
trailing edge, which is of interest. The preamplifier and 
main amplifier used in this earoeriment were modifications 
23 
of - the Los Alamos Model 500 amplifier, which has a rise 
time of about 0.1 ^ sec. for a test pulse. After modifi­
cations the fall time was 0.15 ^^Asec. for a test pulse. 
Hie negative high voltage for the chamber was then chosen 
to give collection tines of about 10 yUsec. 
In order to pass a 10-^sec. pulse, the interstage 
time constants of amplifier and preamplifier were increased 
to 220 ^ sec. The decreased fall time was obtained by 
reversing the polarity of the signal in the last stages of 
amplification so that the output pulse W5s negative. This 
W. C. Elmore and M. Sands, Electaronica (McGraw-
Hill Book Company, Inc., New York, 1949). 
57a 
required changes in the biases of these tubes. As a result 
of this modification, the output cathode follower of the 
amplifier had its lowest output impedance during the 
trailing edge, a positively rising waveform. 
Differentiation of the waveform was by the circuit 
shown in Pig, 11. The circuit performed the operation 
Jtls = Vc(t) - Vc(t-^t) ^ 
At At 
where the delay time ^t was chosen as 0,4 ytt.sec, to be 
small compared with the electron collection time. With 
these conditions the accuracy of differentiation was good. 
A detailed treatment of differentiation error is in the 
Discussion section. 
The differentiator circuit provides a negative, time 
retarded signal -Vg(t —^t) and adds it to the signal 
Positive and negative signals are provided by the para-
phase amplifier the negative signal of which is delayed 
by the delay line (General Electric contimous type) in Tg. 
Unbalances in the circuit and attenuation of delay line are 
compensated by the positive signal amplitude adjustment in 
the cathode of T^ .^ Addition is performed by Tg ana T^ . 
The cathode follower Tg presents a high impedance to the 
adding network and a low iaroedance output. The factor 
At in Bqn. (14) and the non-unity gains of the tubes 
combine as a constant scale factor. 
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The Prisch method of shorted delay line diffeirentiation 
is simpler than the circuit used« but has the disadvantage 
that accurate compensation for the delay line attenuation 
is not possible. The error due to an uncoi3Q>ensated delay 
line attenuation would be appreciable for At = 0.4yu-sec. 
or larger. 
ISie differentiated signal from the Model 500 amplifier 
was delayed by 0.8 ^ jusec, in order to display its beginning 
on the driven sweep of the oscilloscope. The additional use 
of a Los Alamos Model 1000 amplifier following the delay 
line gave needed voltage gain and low impedance, push-pull 
outputs to the vertical plates of the oscilloscope. Beaded, 
coaxial cables of low capacity (200-ohm, 5.5- jyjJLt/tt, 
Transradio cables) were used for the connection. 
24-A Eell-Jordan"* circuit was used for pulse amplitude 
discrimination of an undelayed signal from the Model 500 
amplifier. With l^e discriminater bias set just above 
the lev^i of alpha-pulses, sweep triggers were generated 
for all fission fragment pulses and for occasional alpha-
pulses that had combined with noise. Driven, linear sweeps 
23 
were provided by a Los Alamos Model 260 sweep generator, 
the output tubes of which were duplicated to provide 
simultaneous sweeps for the dual-beam oscilloscope. 
W. Jordan and P. Eell, Rev. Sci. Inst. 18, 703 (1947). 
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The use of a Dulfont tjrpe 5SP11 cathode ray tube allowed 
simultaneoas display of the two fragments on two beams, A 
single sweep was used for observations with one chamber. 
An overall acceleration of 8000 volts from radio frequency 
23 power supplies gave a brigjit oscilloscope trace for 
photography of fast sweeps. Eastman Linograph Ortho or 
Super-XX film were used at f/4 or f/S.5, respectively, in 
a IXiMbnt 271-A camera for oscilloscope photography. Mth 
a blue filter over the oscilloscope tube face and the 
camera shutter open, oscilloscope pictures with satis­
factory contrast and background were taken with a film 
speed of 1 ft./hr. 
Fig. 12 is a photograph of the entire apparatus as 
used for the single chamber experiment. 
Double Chamber Equipment 
The simultaneous observation of range-ionization by 
the electron collection method required a duplication of 
differentiator and amplifier equipment and the use of a 
uranium film on a thin backing between two collecting 
plates. In the double chamber arrangement shown in Pig. 10 
the neutron source was placed on the upper collecting plate 
4 cm from the uranium film. This poorer neutron geometry 
meant that excessively long observations would be required 
to obtain a large quantity of data from films of desired 
40 
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Pig. 12. Photograph of the single ionization 
chamber and associated electronic equipment. Although 
not visible, the outputs of the Model 1000 amplifier 
are only a few inches from the oscilloscope inputs. 
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tMckness. Consequently, a thicker film was used and 
relatively few observations were made. 
Copper window screen was used as a support for a thin 
Zapon film, on one side of which had been sprayed uranium 
nitrate (natural uranium). The screen was held between two 
circular, thin metal sheets in which 2-in. holes had been 
centered. To make the Zapon film a glass plate was dipped 
twice in a 10 percent Zapon solution and the film was 
removed in distilled water. The film was about 30 yi>«.g/cm. 
A metal ring painted with Glyptol was placed on the 
floating film. This film, held by the ring, was sprayed 
with a solution of uranium nitrate in ethyl alcohol 
(40 mg per ml) by a small atomizer. It was found necessary 
to paint the Glyptol seal with Pormvar to prevent softening 
by alcohol. A fairly uniform uranium deposit was obtained 
by allowing drying periods between several sprayings. The 
uranium content of the film as measured by alpha-activity 
was 160 ^ g/cm . This film in the double chamber arrange­
ment gave a fission rate of about one per hour. 
A duplicate of the cathode follower inside the chamber 
(except for substitution of the 104-megohm resistor by a 
31-megohm resistor) was connected to the upper collector 
electrode. The signal from this upper plate was amplified 
by the Model 500 and Model 1000 soi^jlifiers and used to 
trigger the sweep circuit in the same manner as in ttie 
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single chamber experiment. Altiiough some fragments vere 
lost to the supporting screen, mounting the Zapon film 
below the screen insured that sweep presentations of 
fission were always of pairs. The uranium was on the 
upper surface of the Zapon film. 
The lower collector electrode was connected through 
the other cathode follower to a Los Alamos Model 100 
23 
preamplifier, the output of ifcich was differentiated by 
a duplicate of the differentiator circuit. After going 
through a 0.4- ^^ec. delay line the signal was further 
amplified in the Model 100 amplifier and used to deflect 
the beam of the second sweep. By using beaded, coaxial 
cable as an output connection to the oscilloscope a 
trailing edge response time of 0.5 jmsec. was obtained. 
As seen by E^. (13) the narrower band pass associated 
with this slower response time reduces the noise. 
Althou^ the expedient use of different types of amplifiers 
on the two chambers resulted in different treatment of the 
data, it was not considered worthwhile to duplicate the 
500-1000 amplifying equipment. The usefulness of the 
double chamber data was limited by poor statistics 
ra-ther than amplifier response. 
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EXPERIMESTAL RESULTS 
Ho accurate data liave been reported on either the 
diffusion of electrons in an ionization chamber or ion 
recombination in regions of hi^ ion density* These 
factors especially affect the range-ionization data from 
electron collection equipment in which relatively long 
collection times are employed. Although the equipment 
described in the last section was not ideally suited for 
measurejients of diffusion and recombination, it was used 
to obtain rather rough data of these factors for various 
gasses. These data enabled a better understanding of 
the range-ionization data, which were taken with greater 
precision and detail. 
Recombination and Diffusion Measurements 
A fission fragment or alpha-particle stopped in a 
gas leaves a dense coltimn of ion pairs which tend to re-
combine by Coulomb attraction. In eaqperiments in which 
the collection time may be small, pressures and fields 
giving a high electron agitation velocity are used to 
spread apart the ions by diffusion before coluimar recom-
25 bination is appreciable. According to Rossi and Staub, 
25 
£• E. Rossi and E. H. Staub, Ionization Chambers and 
Counters (McGraw-Eill Book Company, Inc., Hew York, 1949). 
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no reliable reconbinatlon data are available even for the 
simpler case of uniforaaly distributed ionization. However, 
they state that the tisie rate of recombination per unit 
volume is expected to be proportional to the squar« of the 
density of ions, where the factor of proportionality seems 
about the same for different gasses* 
For the electron collection experiment, it appears 
from the above that a choice of gas is a comproniise be­
tween effects of diffusion and recombination. No gas is 
expected to have low recombination and diffusion. Recom­
bination lowers Vg and thus the signal/noise ratio. 
Purtheiffiore, recombination distorts the shape of the range-
ionization carve unless, contrary to tiie above expectation, 
recombination is proportional to the ion density along 
the fragment track. On the other hand, diffusion has the 
effect of a time variation of the charge density (T result­
ing in a deviation from Vq of Eqn. (12). 
The eagperimental results were in agreement with these 
expectations. The low fission yield made a fission fragment 
recombination study impractical, so the study was instead 
made with the less dense ionization of uranium alpha-
particles. The results shown in Fig. 13 are the TnaxiiratTr! 
2 
undifferentiated pulse heights from the 76 cm. uranium 
source with 3.81-cm electrode separation for different 
field strengths and gas pressures. Gasses were not 
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purified in this experiment. 
!iaie data compiled in Table III are asefal for an 
Table III. Experimental w Data and Seziii-Eoiperical Data 
of Alpha-Par tide Range and Electron Agitation Velocity. 
V in ey/ion pair Range in cm u in 10® c2v''sec. 
Gas for 5.3-Mev at K.T.P. for N.T.P. and 
Alpha-Particles 760 V/ca 
COp 34.6 3.8 14 
E2 36.0 16.5 35 
No 35.6. 3.3 53 
He 31.0 13.8 84 
A 24.9 3.4 195 
understanding of the data in Pig. 13. Ranges are calcu­
lated for the uranium 4.76-Mev alpha-particle from data 
26 
compiled by Livingston and Be the. It should be noted 
that for low gas pressures, especially in the cases of 
hydrogen and helium, alpha-particle ranges exceeded 
chamber dimensions. Also to be noted is that the vari­
ation of w with gas contrituted to the variation of pulse 
heights in Pig. 13. The values of w and u are from. Rossi 
and Staub,^® except that their w value for air is used 
for nitrogen in the table. Altiiough the experimental data 
of Pig. 13 had these inaccuracies, they did confirm that 
M. S. Livingston and H. A. Bethe, Rev. 5&>d. Phys. 9, 
245 (1937). •" 
47 
recombination increases with pressure, i.e. with ion density. 
Furthermore, when compared with the tabulated values of 
electron agitation velocity, these data confirmed that 
electron diffusion decreases recombination. 
nihe demonstration that recombination increased with 
pressure made it appear that possible range-ionization 
data distortions due to recombination would be detected 
by comparing fission fragment data taken at two different 
pressures. In the fission fragment recombination ex­
periment, the collection time at both pressures was the 
same both to facilitate comparison of data and to further 
increase the recombination at the higher pressure because 
of the lower agitation velocity. This lower agitation 
velocity is associated with the lower drift velocity re­
quired for the smaller electrode separation. In the case 
of both argon and nitrogen, a comparison of fission frag­
ment range-ionization data taken for one-half and one 
atmosphere pressure with 7.62-cm and 3.81-cm electrode, 
separation, respectively, indicated no distortion due to 
recombination. Results for nitrogen and argon are in 
Figs. 14 and 15, respectively. The normalization of these 
data is explained in the next subsection. 
Except for the use of an 80 percent source, the 
equipment used in the fission fragment recombination ex­
periment was the single chamber equipment described in 
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the previous section. The 17^®® source was 3/4 in, in 
diameter so that the fragment ranges for hoth pressures 
were within the effective volxime of the chamlDer, Because 
of the smaller source area, the content of the film 
was laade S,S mg/cm^# The goupce was made with the 
same technique used for natural uranium, except that the 
plate was brushed rather than dipped. The neutiron source 
was placed on top of the ionization chamber 2.4 cm from 
t3ie uranium, and the chamber was surrounded by paraffin. 
The fission rate was about six per hour. Although the 
energy lost in the uranium was undesirably great, any 
large distortions due to variations in the proportionality 
factor between recombination and ion density would have 
been detected. 
Only nitrogen, helium, and argon of the gasses tested 
had sufficiently low recombination to be useful in the 
electron collection equipment. Fragments emitted at 
grazing angle to the high voltage electrode were used to 
give a measure of the electron diffusion radius for these 
gasses. Ideally, the dV^/dt waveform from these fragments 
would have been rectangular. Actually, because of dif­
fusion and the finite /It, the trailing edge had an 
appreciable fall time. Measurements were made of minimum 
fall times for fission fragments with a 3.81-cm electrode 
separation and 10-12 u-sec. electron collection times* 
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Diffusion in nitrogen was not measurable; the fall 
tiae "Was essentially 2^t. Diffusion in helium was roughly 
0»06 cm and in argon about 0»S3 cm, where these measure­
ments corresponded to the diffusion distances at which the 
electron density was about 1/3 the density at the center 
of the column. On the range-ionization curves this 
distance corresponded to the difference in range tetween 
the point with TnaxlTimTn slope and the point with 1/5 this 
Qiaxlmum slope. In the case of argon, in i^ich measure­
ments were the most accurate, it was apparent that a few 
low amplitude signals had diffusion as low as 0«24 cm. 
A possible explanation of these few cases is that they 
represent fragments for which the densest ionization was 
in the uranium source, and that diffusion increases with 
electron density because of electrostatic repulsion. 
These measurements confirmed the association of 
diffusion and agitation -velocities. The effect of dif­
fusion on the range-ionization data is considered in store 
detail in the Discussion section. 
Range-Ionization Measurements 
As mentioned previously, the time duration of the 
range-ionization waveform is proportional to cos ^  . Ixi 
order to minimize aa^lifier and differentiator distortions. 
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waveforms cbosen for analysis were of fragments emitted 
nearly perpendicular to the chamber electrodes. Daring 
the single chamber range-ioni nation experiaent, chanber 
fillings of heliua, nitrogen, and argon were used with 
different fields. For each of these conditions about 70 
fissions were piaitographed, of which about fifteen of 
each group were analyzed. The spectrum of total ioniza­
tion for all the fragments was, for each experimental con­
dition, the familiar double humped distribution curve* 
Because of poor statistics and the thick source the reso­
lution of heavy and li^t fragments was not good. Fragments 
of doubtful identity were not analyzed. 
Waveforais were projected by a microfilm reader on 
graph paper, and coordinates along the curve were re­
corded. Corrections were made only for obvious excur­
sions of noise, so the data included many of the noise 
fluctuations. Since the range-ionization curve 
asymptotically approached zero residual ionization, the 
determination of total range was difficult. In the com­
parison of data all ranges were normalized to unity at 
25 percent of total ionization, and total ionizations 
were normalized to unity. 
The range-ionization points in Fig. 16 are of seven 
li^t and eight heavy fragments stopped in 810 mm Hg of 
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nitrogen purified for 12 hours. Atout an hour of gas puri­
fication was found to decrease the electron collection time 
of a fresh filling by 25 percent to a stable time of 14 
microseconds. The field was 29 V/cm between electrodes 
of 5.81-cm separation. Fragments were stopped in about 
one-half this distance., 
UShen heliusi at 2300 imi Eg was used as a stopping gas 
the data of Pig. 17 were obtained. Points are of seven 
light and eight heavy fragaents. Little change of col­
lection time was noted during a 12 hour period of puri­
fication before data were taken. The same plate separa­
tion was used, but a field of 184 V/cm was necessary for 
a collection time of 14 microseconds. The maximum range 
of fragments was almost the plate separation. 
The points along the range-ionization curves of nine 
light and eigjat heavy fragments stopped in 810 rm Hg of 
argon are plotted in Fig. 18. The argon was purified for 
20 hours before data were taken. Little change in col­
lection time was noted. With 3.81-cm electrode separation 
and a field of 79 V/cm the collection time was 12 micro­
seconds. Fragment ranges, were about one-half the electrode 
separation. 
Typical photographs of light fragment waveforms are 
reproduced in Figs. 19-21 for the three stopping gasses. 
Since noise was constant, the signal/^oise ratios for 
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Pig, 21. Oscilloscope waveform of a light 
fragment in cucgon. 
Fig* 22. Daal beam oscilloscope wave« 
forms of a fragjaient pair. The waveform 
from the ligjit fragooat amplified by the 
Model 500 and 1000 azoplifiers is on the 
upper trace. lEhe waveform from the heavy 
fragment as^lified by the Model 100 set at 
about 25 percent greater gain and opposite 
polarity is on the lower trace. 
5& 
heavy fragments were lower. Time measurements were obtained 
from the 0.1-in. superimposed grid and the sweep calibration 
of 0.15 yusec./in. 
The double ionization chamber was filled to 810 mm Eg 
of argon and fields of 79 V/cm were used with S.81-cm 
electrode separations. In Pig. 21 are topical waveforms 
from the double chambers, where the sweep deflection 
sensitivities were about 0.35 ^ sec./in. The upper signal 
was from the Model 500 and 1000 amplifiers and the lower 
signal from the Model 100 amplifier. Because of the 
difficulty in equalizing gains, the Model 100 amplifier 
had about 25 percent greater gain than the Model 500 and 
1000 amplifiers. With this taken into account, the upper 
waveform in Fig. 22 was identified as a light fragment 
and the lower waveform as a heavy fragment. 
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RMGE-IOKIZATIOH DISCDSSIOS 
Because of the greater density of fission fragment 
ionization, the alpha-particle recombination experiment 
did not directly indicate the extent of the recombination 
of ionization from fission fragments. It did indicate 
the relative recombination in various gasses. Argon data 
taken by Lassen gave fission fragment ionization as a 
function of the field strength. His results indicated 
that, under the experimental conditions employed in the 
present electron collection eaqjeriment, recombination was 
appreciable even in argon, which is expected to have the 
lowest recombination of the gasses in Table III, 
In the electron collection experiment the signal/ 
noise ratio for nitrogen was considerably lower than for 
helium or argon, as seen by comparing the photograph in 
Fig, 19 with those in Pigs. 20 and 21. This lower ratio 
was largely a consequence of the greater recombination in 
nitrogen. The lower signal/noise ratio resulted in a 
greater scattering of the nitrogen data in Pig. 16 than 
in the helium data of Pig. 17, Of equal importance in 
the quality of the data was the possibility that recom­
bination was not proportional to ion density. Although 
the results were not conclusive, the fission fragment re­
combination experiment indicated no distortion of data 
arrising from this process. 
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Inspection of the range-ionization data plotted In 
Figs, 16-18 indicates no difference in the data of light 
and heavy fragments. Curves best fitting these data are 
corapared in Pig. 23 along with points from the experi-
mental results of Sherr and Peterson and the calculated 
27 
results of Enipp and Teller for average light and heavy 
fragments stopped in argon. The results of Saipp and 
5 
Teller agree well with the argon data of Lassen. 
Reasonable e^qjlanations can be made for some of the 
disagreements apparent in Pig. 23. The shorter range of 
the present data is probably due to an inability to measure 
signals below the noise level, such as are encountered 
near the end of the range. The slight difference between 
the present argon data and that of Sherr and Peterson is 
probably due to differences in recording the curve near 
zero range. As seen by the argon waveform in Fig. 21 the 
curve asymptotically approaches complete ionization in 
this region. The uncertainty of the point of zero range 
probably lead to this difference in data and to the 
scattering of argon data in Pig. 18, The question of 
whether heavy and light fragments have the same range-
ionization curve is to be discussed in connection with 
27 J. K. Knipp and E. Teller (private communication). 
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differentiator errors. The contribution of diffusion 
towards the shape of the argon range-ionization ciirve is 
also to be discussed. 
In order to evaluate the effect of differentiator 
errors for different waveforms, Lassen*s experimental 
data of ionization rate, which are different for heavy 
and light fragments, are used. With the total range 
normalized to unity these ionization rates closely 
follow the curves (l-r) and |j2(l-r)-(l-r)^ for the 
heavy and light fragments, respectively. Integrating 
twice we obtain (l-r)®/6 and [4(l-r )®-(l-r)^/l2 as 
the corresponding expressions for V^. If the substitution 
t = l-r is made, the differentiator error is expressed by 
(•——S - rr^)» where is given by Eqn. (14). 
^ t dt 
With V(» = t®/6 the differentiator error is composed of a 
constant and a term linear with t. On the other hand, 
with (4t®-t^)/12 an additional term quadradic in t is 
obtained. The normalization used in compiling the 
^Vg/Zit data eliminates the constant and linear term 
errors, but not the quadradic term error. 
With the data normalization used and with the ion­
ization rate obtained by Lassen, the differentiator error 
for heavy fragments is seen to be zero. However, the same 
conditions for light fragments lead to the differentiator 
error shown in Pig. 24, where the total range and the 
64 
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total fragment Ionization are normalized to unity* !Chis 
error added to the present data raises the range-ioniza-
tion curve of the light fragment, but by roughly one-fifth 
the amount needed for agreement with Lassen and with 
Knipp and Teller. It is not inconceivable that the 
present eacperimental results contain the additional 
light and heavy fragment difference in the scattering 
of data. 
With a knowledge of the electron diffusion as a 
function of collection time, it is possible to calculate 
the effect of diffusion on a given configuration of 
ionization. In order to investigate the diffusion effect, 
the linear CT (x) found by Lassen for heavy fragments in 
argon is used with the diffusion equation of Rossi and 
26 Staub and the diffusion measurement for argon given in 
the last section. When diffusion to the high voltage 
electrode is neglected, the original ionization distribu­
tion (S (x) is diffused into the collected ionization 
distribution qTMx*) expressed by 
where x^ is the end of the fra®aent range and D(x,x*) is 
the diffusion function. The diffusion function is of 
(15) 
66 
the form 
2 
D(x,x.)~exp|- (16) 
where L is the diffusion distance for x When Eqn, (15) 
is graphically solved using the experimental argon values 
of L = 0.3S cm and x^ ^  J?/2 and the Lassen heavy fragment 
O^Cx), a is obtained which leads to the normalized 
dVc/dt Indicated "by points in Pig. 25. 
According to this analysis, diffusion has a very small 
effect on the argon range-ionization data. Furthermore, on 
the basis of the diffusion distances measured for nitrogen 
and helium, diffusion in these gasses is expected to be 
negligible. It appears that the difference between the 
helium and nitrogen range-ionization curve and the argon 
curve can not be explained by diffusion alone. This agrees 
with the results of Lassen for various gasses. 
Because of the poor statistics of the double chamber 
data, analysis is best made by comparison with other data. 
In Fig. 25 are shown characteristic range-energy curves 
in argon as a function of fragment xoass. These curves are 
constructed from the data of several experiments. The 
data used are the range-ionization curve of the present 
15 data, the ionization-mass data of Brunton and Hanna, 
67 
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28 
and tlie mass^range data of Katcoff, Miskel, and Stanley. 
The ranges of the last experiment are normaliaed to the 
average argon ranges of Lassen. The data of the doable 
ionization chamber experiment were in accord with Fig. 25. 
2ft S. Katcoff, J. A. Miskel, and C. W. Stanley, 
Phys. Rev. 74, 651 ^ 948). 
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SJMMARY MD COKCIiaSIOKS 
An investigation of the range-energy properties of 
fission fragments was undertaken "by meastiring range-
ionization with the electron collection method. In 
order that these data could be converted to range-energy 
data, a theoretical investigation of ttie energy/ionization 
ratio was undertaken. 
The range-ionization data for light and heavy fragments 
in nitrogen and heliuia all gave the same curve. Light and 
heavy fragments in argon gave the same range-ionization 
curve, which differed from the nitrogen and helium curve. 
This difference was partially due to high electron dif­
fusion in argon. Errors of electronic differentiation 
tended to reduce the possible difference between curves 
of heavy and light fragments. 
Simultaneous range-ionization data for iDoth fragments 
of a pair were obtained from a double ionization chamber. 
The relatively few data obtained agreed with expectations. 
The following conclusions are made as a result of 
these investigations: 
(1) A reasonable interpretation of the results of the 
energy-ionization study is that the energy/ionization ratio 
for electronic collisions w^  is constant, but about 1.9 Jfiev 
of light fragment energy and 3.4 Mev of heavy fragment 
70 
energy lost in nuclear collisions does not appear as 
ionization. 
(2) Effects of electron diffusion and ion pair 
recombination lower the quality of the range-ionization 
data obtained by the electron collection method. 
Diffusion appreciably effects the argon data, Recombin­
ation makes the signal/noise ratio with nitrogen un­
desirably low and with hydrogen and carbon dioxide 
prohibitively low, The use of helium seems to be a 
compromise; neither recombination nor diffusion are 
objectionable, 
(3) The electron collection method is not veil 
suited for distinguishing between the nearly alike range-
ionization curves of heavy and light fragments, 
(4) The data indicated that the range-ionization 
curves for helium and nitrogen are the same, but this 
curve differs from the curve for argon, 
(5) The data from a double ionization chamber 
provide significant information on fission fragments 
only when they are in large quantity. 
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